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ADHESION  OP  SPHERICAL  PARTICLES  TO  PLANE  SURFACES 

by 

N -L.  Cross  and  H,  Stretch 


SUMMARY 


1  .  The  adhosion  of  spherical  partioles  to  piano  glass  and  quartz  surfaces 
has  boon  investigated  under  various  humidity  conditions,  and  compared  with 
the  results  obtained  using  similar  spheres  made  radioactive  by  the  incorpora¬ 
tion  of  traoes  of  active  europium  isotopes. 

2.  Much  stronger  adhesion  is  found  with  active  specimens  than  wit|j 
inaotive  ones  when  examined  in  water  vapour  atmospheres  of  up  to  6l  °/o  R.H. 
The  values  obtained  with  active  partioles  may  bo  expressed  in  the  empirical 
form 


Z  «  ko_Sl1 

in  which  Z  is  the  adhesion  foroe  of  a  sphere  of  radius  R,  k  a  parameter 
concerned  with  the  dielectric  constants  of  the  surfaoos  in  contact,  and  s 
with  the  humidity  effect,  i.e.  change  in  the  conductance  of  the  surfaces  in 
consequence  of  moisture  deposition, 

3«  In  atmospheres  of  near  saturation  humidity,  the  radioactive  effect  is 
replaced  by  the  oven  stronger  adhosion  produced  by  surface  tension  foroos. 

4.  A  more  oxaot  theoretical  treatment  is  offored  of  the  adhesion  of  an 
inactive  sphorioal  purtiole  to  a  plane  surface  than  has  boon  previously 
available . 


(Sgd.)  H.L.  Green, 
Supt, ,  Physics  Resoaroh  Division. 
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ADHESION  OP  SPHERICAL  PARTICLES  TO  PLANE  SURFACES 

by 

N.L o  Cross  and  H.  Stretch 


INTRODUCTION 


A  knowledge  of  the  basic  mechanism  underlying  the  retention  of  fall¬ 
out  particles  on  surfaces  is  helpful  in  developing  effective  decontamina¬ 
tion  techniques^  In  particular  it  is  important  to  find  out  whether 
radioactive  and  inactive  particles  behave  similarly  in  their,  adhesion  to. 
surfaces  under  various  conditions  of  humidity,  so  that  a  correct 
interpretation  may  bo  placed  on  results  of  field  trials  obtained  with 
inactive  simulants. 

Information  of  this  kind  is  not  to  be  found  in  published  literature, 
so  a  study  as  described  in  tho  title  was  undertaken.  In  it,  glass,  quartz, 
and  platinum  inactive  sphoros  and  plane'  surfaces,  and  radioactive  glass 
sphoros,  wore  examined  in  both  water  and  alcohol  vapour/air  atmospheres. 

A  direct  weighing  procoduro  based  on  the  uso  of  a  modified  quartz  fibre 
torsion  balanco  was  used,  making  it  possible  to  measure  tho  adhesion  force 
with  considerable  acouraoy,  first  balancing  out  tho  particle  mass;  a 
feature  not  previously  describod  in  adhesion  measurement  techniques. 

APPARATUS 


The  apparatus  oonsistod  essentially  of  a  torsion  balanoe  and  a 
humidity  chamber.  The  chamber  was  positioned  below  the1  balance  so  that 
particles  undor  examination  aould  bo  suspondod  from  a  balance  stirrup  into 
tho  working  aroa  of  tho .chamber. 

Torsion  Balanoo 


A  torsion  balanco  was  constructed,  based  on  a  design  by  El-Badry  and 
Wilson  (l),  from  quartz  fibres.  Each  part  of  the  balance,  o.g.  beam, 
quartz  bow,  torsion  fibro,  oto,,  was  made  by  supporting  selected  fibros, 
suitably  placed  in  position  on  glass  microscope  slides  and  glueing  them 
at  overlapping  points  with  Durofix  diluted  1 s4  with  amyl  acetate.  When 
tho  joints  wore  dry,  all  superfluous  fibre  was  removed  with  a  sharp  knife. 
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Finally,  tho  boam  was  cemented,  centrally  across  the  torsion  fibre  -  quartz 
bow,  and  fine  fibres,  to  which  weight  stirrups  were  fastened,  suspended  from 
caoh  end.  Tho  completed  unit  was  mounted  in  a  Perspex  case;  one  end  of  tho 
torsion  fibre  was  retained  in  a  slow  motion  dial  on  the  front  of  the  case, 
tho  other  in  a  terminal  at  tho  back.  This  terminal  was  capable  of  rotation, 
in  order  to  set  the  zero  reading  on  the  dial,  and  of  reciprocation,  so 
that  tension  in  the  fibro  could  bo  adjusted.  By  fitting  tho  dial  with  a 
vernier,  l/2000th  of  a  complete  revolution  could  be  measured.  Weights 
could  bo  placed  on  tho  stirrups,  or  the  different  particles  under  tost 
suspended  in  the  humidity  chambor,  by  lifting  up  the  sides  of  the  balance 
case. 


The  dimensions  of  tho  fibres  used  in  constructing  tho  boam  and  torsion 
fibre  assombly  are  shown  in  Fig.  1,  and  Fig.  1  2  is  a  photograph  of  the 
balance. 

Certain  modifications  wore  made  to  tho  design  of  El-Badry  and  Wilson, 
as  follows: 

1 .  An  optical  method  for  tho  determination  of  point  of  balance 
was  not  used.  Instead,  an  index  fibro,  projecting  from  the  end 
of  tho  beam,  was  allowed  to  move  botv/oon  two  scalos,  the  front 
ono  of  Perspex,  tho  roar  ongravod  on  brass,  and  tho  balance 
point  determined  by  a  parallax  procedure, 

2.  When  the  adhesive  force  was  greater  than  tho  opposing 
force  whioh  could  bo  supplied  by  tho  torsion  fibro  alone,  tho 
latter  was  implemented  by  adding  weights  in  tho  form  of  stain¬ 
less  steel  riders. 

j5.  To  avoid  separating  tho  adhering  surfaces  by  impact,  on 
adding  tho  riders,  adjustable  stainless  steel  knife  edges  woro 
arranged  to  orrost  tho  beam. 

A  calibration  curvo,  obtained  by  plotting  dial  roadings  against 
known  weights  (tho  riders)  is  shown  in  Fig,  2. 

Humidity  Chambor 

Essontially  this  consisted  of  two  Pcrspox  boxes,  ono  inside  tho  other, 
mounted  on  a  common  baso,  A  fow  holos  woro  drilled  in  the  innor  box  to 
pormit  tho  free  circulation  of  uir. 

A  square  Perspex  chimnoy  was  positioned  centrally  tlirough  both  boxes, 
terminating  at  tho  base  of  tho  bnlanco.  Tho  fibro  supporting  tho  tost 
porticlo  was  hookod  to  a  weight  stirrup,  then  passed  through  tho  balanoo  oaso 
baso,  as  doscribod  undor  'Toohniquo  of  Measurement1 ,  into  tho  chimnoy, 
terminating  dirootly  abovo  a  platform  on  whioh  the  tost  plane  surfaco  was 
placod.  This  platform  was  capable  of  boing  raisod  or  loworcd  by  means  of  a 
scrow  passing  through  tho  base  of  tho  humidity  chamber.  In  addition  since 
it  was  frequently  ncoossory  to  cloan  tho  tost  surfaces,  the  complete 
platform  unit  could  rapidly  bo  removod  from  tho  chamber. 
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In  the  first  axpsrioonts,  stray  olaotrostatio  of foots  woro  dissipated 
'by  plaoing  radioactive  materials  in  close  proximity  to  the  test  surfaces, 
and  also  by  lining  the  inner  box  with  oopp9r  foil,  suitably  earthed  through 
a  low  resistanoo  path.  Later,  active  materials  were  found  unnecessary  and 
omitted.  Finally  observation  ports  through  tho  lining  wore  provided, 

A  photograph  of  the  chamber  qnd  a  diagram  illustrating  the  details 
of  the  chimney  and  platform  assembly  are  appendod  as  Fig,  i3  and  Fig.  3 
respectively.  Fig,  i4  shows  tho  complete  assembly. 

Humidity 

Known  humidities  were  obtained  inside  tho  chamber  by  introducing 
concentrated  salt  solutions  of  known  saturation  vapour  pressure  (for 
details  see  rc-f,  2),  Tho  appropriate  solutions  woro  contained  in  30  ml 
beakers  situated  in  tho  corners  of  tho  chamber  away  from  tho  humidity 
moasuring  element,  .and  in  ordor  to  hasten  tho  attainment  of  equilibrium, 
roils  of  filter  papor  about  6  in.  long  woro  placed  in  tho  boakors  and  a 
small  fan  usod  to  stir  tho  humid  air, 

Tho  *&regory'  elootrolytio  hygrometer  was  finally  solocted  to  be 
tho  monitoring  element.  Tho  advantages  and  disadvantages  which  oro  found 
with  this  typo  of  hygromotcr  aro  outlined  by  Ponman  (3),  Tho  olomont  was 
placed  in  a  cornor  of  the  outer  humidity  box  and  oxoitod  with  a.c.  through 
a  high  value  resistor  from  a  suitably  loaded  constant  voltage  transformer. 
The  potential  drop  across  the  olomont,  corresponding  to  a  particular 
humidity,  was  indicated  on  an  a.c,  valve  voltmeter.  .  Tomporaturo  was 
rocordcd  by  means  of  a  thermometer  plaood  as  near  as  possiblo  to  tho  con¬ 
tacting  surfaces, 

A  calibration  curve  was  propnrod  as  follows: 

The  olomont,  previously  fixed  into  a  rubbor  bung,Qwns  insorted 
into  a  32  oz„  bottle,  immersed  in  a  thermostat  at  24.5° C,  containing  a 
saturated  salt  solution  of  known  saturated  vrpour  pressure  and  voltages 
rocordcd  until  a  constant  reading,  corresponding  to  equilibrium  humidity 
condition  abova  tho  liquid,  was  reached .  A  plo£  of  voltago  against 
humidity  (ro corded  as  relative  humidity  at  24.3°C)  for  a  number  of  different 
solutions  was  proparod,  Fig,  4,  and  usod  in  conjunction  with  a  sot  of  tem- 
poraturo  compensation  curves  supplied  by  tho  manufacturers  of  tho  olomont, 
in  order  to  asoortain  tho  humidity  conditions  existing  insido  tho  ohambor 
during  adhosion  moasuromont. 

Furthor  modifications  and  additions  to  tho  apparatus  woro  requirod  in 
ordor  that  adhosion  moasuromonts  oould  bo  mado  bolow  18  /o  4.H.  Initial 
attompts  to  attain  thoso  lowor  humidities  woro  unsUccossful  bocauso  too 
much  water  vapour  diffused  into  tho  balance  and  humidity  chamber  from  tho 
surrounding  air.  Consequently  tho  whole  apparatus  was  mountod  insido  a 
largo  glovo  box:  Fig,  5«  At  the  lowor  humiditios  largo  static  charge 
offsets  roappoarod,  and  woro  eliminated  by  lining  tho  whole  of  tho  balanco 
box  and  chimnoy  with  stiff  copper  gauzo  and  oorthing  it.  Entry  to  tho 
balance  was  mado  through  a  hinged  flap  in  ono  side  of  tho  gauzo  cubo,  tho 
mosh  of  tho  gauzo  being  suoh  that  tho  balanco  could  bo  easily  soon. 
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TECHNIQUE  OF  MEASUREMENT 

1 .  Preparation  of  the  bead  suspension  unit. 

A  bead  of  the  required  size  was  fashioned  on  the  end  of  a  fibre 
prepared  from,  the  test  material  and  excess  fibro  cut  off  so  that  a  stem 
0.5H  om  remained.  A  oelluloso  acetate  fibro,  5H5  A  diameter,  was 
fastened  to  the  stem  with  diluted  Durofix,  and  the  other  end  cemented  to 
a  small  hook  made  from  fine  copper  wire, 

2 .  Procedure  for  gleaning  the  bead  and  test  piano  surfaoe. 

Beads  were  cleaned  by.  immersion  in  isopropyl  alcohol  vapour  for  3 
minutes  according  to  the  method  described  by  Putnor  (4),  It  was  not  very 
practical  to  clean  plane  surfaoos  in  this  way;  instead  they  woro  treated 
with  Toopol  solution,  washed  with  water,  placod  in  position  on  the  measure- 
mont  platform,  then  dried  as  quickly  as  possible  with  grense-froe  filter 
pr’ „..a  uj.xu.uu  augftxn  equilibrium  in  the  humidity  chamber. 

3.  Operation  of  tho  balance. 

Prepared  boad  units  woro  lowered  through  tho  balance  case  into  tho 
humidity  chambor,  after  attachment  to  tho  woight  stirrup.  Suitable  ridors 
wore  placod  on  tho  balnnoa  and  tho  beam  froed  by  lov/oring  the  knife  edges, 
Balanco  point  was  found  by  rotating  tho  torsion  fibre,  and  the  ridor  weights 
and  dial  reading  recorded.  Noxt  tho  platform  was  raised  until  contact  was 
mado  botwoon  boad  and  piano  surface,  and  torsion  appliod  to  tho  fibre, 
woights  addod,  otc.  as  quiokly  as  possiblo,  until  a  separation  was 
achiovod,  Tho  now  weights  and  dial  readings  were  rooordod,  and  tho  adhosion 
force  found  from  tho  difforonco  botwocn  roadings, 

4.  Bond  sizo  do termination 

After  sclocting  tho  bead  somplos  for  symmetry,  surfaoo  smoothnoss  and 
sizo  range,  diomo tors  woro  measured  at  right  angles  to  tho  storn,  using  a 
travelling  mioroscopo. 
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ADHESION  OF  INACTIVE  PARTICLES 
Experimental 

Tho  following  results  were  obtained*. 
1 .  Adhesion  in  saturated  atmospheres 


TABLE  1. 


(water  vapour  atmosphere) 


Bead  radius 

P 

■  class  on  glass 

Adhesion  (dynes) 

°/o  theory* 
(z=4nBy). 

117.5 

9.91 

92 

171 

13.21 

84 

174 

13.39 

84 

16.50 

82 

21.95- 

83 

421  • 

33.05 

85 

TABLE  2. 


(water  vapour  atmosphere) 


^ — — — i — — i 

Boad  radius 

4 

Class  oh  quartz 

Adhesion  (dynes) 

%  theory 

117.5 

9.5 

88 

220 

16,45 

82 

290 

21.9 

83 

421 

32.35 

84 

*  The  theory  dovolopod  in  the  appendix  of  this  roport  is 
unsuitable  for  routine  calculation  of  adhesion  foroo,  sinco  it  neces¬ 
sitates  the  very  precise  measurement  of  relative  humidity. 
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TABLE  3. 

(water  vapour  atmosphere) 


Bead  radius 

P 

7  Platinum  on  platinum 

Adhesion  (dynes) 

°/o  theory 

464 

12.12 

29 

511 

12.91 

28 

TABLE  4. 

(n-propanol  vapour  atmosphere) 


Bead  radius 

P 

Glass  on  glass 

Adhesion  (dynes) 

%  theory 

117.5 

3.53 

100 

220 

5.4 

82 

290 

7.46 

86 

421 

9.95 

79 

2.  Adhesion  in  45~52°/o  R.H.  water  vapour  atmospheres 

TABLE  5. 


Bead  radius 

P 

%  R.H. 

Glass  on  glass 
Adhesion  (dynes) 

218 

49 

0.052 

225  ■ 

52 

0.1 01 

294 

47 

0.258 

350 

45 

0.05 

361 

4 a 

0.04-3 

379 

48 

0.145 

442 

47 

0.124 

532 

50 

0.173 

575 

52 

0.049 

591 

48 

0.046  . 
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3.  .  Adhesion  In  1 6-1 8 Vo  R.H. .water  vapour  atmospheres 

TABLE  6. 


Bead  radius 

°/o  R.H. 

Class  on  glass 

V 

Adhesion  (dynes) 

222 

18 

0.075 

387 

17 

0.132 

538 

16 

0.195 

4.  A  wide  range  of  values  could  Be  obtained  for  all  Beads  in 
66-88°/o  R.H.  atmospheres ,•  suggesting  that  in  this  region  large  changes 
in  adhesion  resulted  from  relatively  small  humidity  ohanges. 

5.  Adhesion  of  a  Bead  fully  immersed  in  water 

TABLE  7. 


Bead  radius 

Adhesion  (dynes.) 

°/o  theory  (see  Appendix) 

750 

33.6 

103 

DISCUSSION 


MoFarlane  and  labor  (5)  showed  that  adheston/humidity  curves 
derived  from  experimental  data  obtained  using  glass  surfaces  were  similar 
to  ourvea  prepared  By  MoHaffie  arid  Lenher  (6),  in  whioh  °/°  R.H.  was 
plotted  against  calculated  values  of  fil*  thiokness  of  water  deposited  on 
glass  surfaces  at  the  appropriate  humidity  (the  weight  of  water  per  unit 
area  was  found  experimentally).  The  curves  showed  no  measurable  adhesion 
Below  about  73°/o  R.H,  then  rose  steeply  to  denote  strong  adhesion  at 
85°/o  R.H. ,  and  maintained  this  value  to  saturation. 

In  addition  they  demonstrated  that  in  high  humidity  atmospheres 
adhesion  resulted  essentially  from  the  surfaoe  tension  of  a  liquid  film 
formed  between  the  surfaces  in  oontaot,  in  aooordanoe  with  the  expression 

Z  =  WTRyoosa  - 

in  whioh  Z  is  the  adhesion  foroe.in  dynes,  y  the  surfaoe  tension  of  the 
liquid  in  dynes  per  cm,  a.  the  oontaot  angle,  and  R  the  sphere  radius. 

None  of  the  experimental  results  agreed  too  well  with  the  predicted  figures, 
all  results  Being  10-20  per  oent  on  the  low  side. 
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The  results  obtained  in  the  present  study  compare  with  those  of 
MoFarlane  and  Tabor  as  follows 

i.  Similar  results  are  obtained  with  both  glass  and  quartz- 
surf aoes  at  high  humidity  values,  once  again  figures  being 
10-20  per  oent  below  those  predicted, 

ii.  As  a  oonsequenoe  of  the  greater  sensitivity  of  measurement 
attainable  with  the  torsion  fibre  balance,  adhesion  at 
lower  humidities  has  been  measured, 

iii.  Similar  low  results  are  obtained  with  platinum  surfaces,  due 
to  inoomplete  wotting  (an  alternative  explanation  was 
offered  by  MoFarlane  and  Tabor). 

iv.  Whereas  previously  adhesion  has  not  been  shown  in  alcohol 
saturated  atmospheres,  in  the  present  study  values  within 
10-20  per  oent  of  the  predioted  amount  have  been  measured. 

Reference  to  the  thesis  by  MoFarlane,  on  whioh  the  paper  by 
MoFarlane  and  Tabor  (5)  was  based,  indicated  that  certain  assumptions 
used  to  derive  the  expression  given  previously  were  in  error.  One  suoh 
was  that  the  liquid  menisous  thickness  was  always  small,  but  in  faot, 
experimental  work  demonstrated  that  thiokness  increased  markedly  as 
saturation  humidity  was  approaohed,  so  that  while  the  effeot  might  be  of 
little  significance  with  large  beads,  it  must  be  considered  when  the  bead 
radius  was  less  than  1  mm.  In  oonsequenoe  a  revised  expression  was 
calculated,  as  shown  in  the  appendix,  whioh  inoludes  Figs,  6  (a-d)  to 
illustrate  the  argument. 

Theoretioal  variation  of  menisous  thiokness  with  relative  humidity, 
for  two  bead  sizes,  is  shown  in  Fig.  7,  and  the  relation  between  the 
associated  variable  6  (the  seui-sngle  subtended  at  the  bead  oentre  by  the 
menisous),  and  bead  radius  and  humidity,  is  illustrated  in  Fig,  8  as 
derived  from  the  expression 

ln  pb  ■  Ufa  f  ^.0.  e  ]  -  888  “Pe®”41* 

The  deorease  in  adhesion  as  saturation  humidity  is  approaohed  is  shown 
as  Fig.  9. 

Finally,  although  the  values  recorded  in  Tables  1-4  are  8— l8°/o 
below  those  predioted  by  MoFarlane  and  Tabor,  they  aooord  with  revised 
theory  when  the  relative  humidity  at  the  time  of  measurement  is  very 
olose  to  saturation. 
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ADHESION  OF  RADIOACTIVE  PARTICLES 
1  •  Preparation  of  radloaotlve  beads 

Suitable  glass  fibres  were  taken  and  a  bead  fashioned  in  the  blow¬ 
pipe  flame.  The  hot  bead  .was  brought  into  oontaot  with  a  minute  quantity 
of  europium  oxide,  .and  the  whole  fused  until  the  oxide  appeared  to  be 
distributed  uniformly  throughout,  Fusion  was  continued  until  the  toad 
appeared  to  be  3pherioal  and  free  from  prominenoo3  when  examined  under  a 
microscope. 

The  beads  were  sized  with  a  travelling  mloroscope  and  submitted  for 
neutron  irradiation.  , 

The  following  table  shows  the  bead  sizes  and  the  aotivity  measured 
on  the  seoond  sheD-f  of  a  castle  oontainiing  an  end-window  Geiger  tube. 
Overall  oounting  efficiency  was  about  3  °/o. 

TABLE  8. 


■  — 

Bead  radius 

—  - -  ■■  — -  ■■  ■■■ 

o.p.m. 

o.p.mp/radiU3  (om) 

2  84  ft 

13,300 

4.7  x  10s 

'  320 -ft 

5,400 

1.7  x  105 

450  ft 

5,000 

1 .1  x  10s 

503  h 

6,400 

"i.3  x  ios 

519  ft 

11,000 

3.8  x  105 

Before  oounting,  Na24  was  allowed  to  decay. 


Europium  is  found  as  a  mixture  of  two  isotopes,  Eu<s<  in  48,8°/o 
abundanoe  and  Eu1S3  as  the  remainder.  Eu1sa  has  two  modes  of  decay,  one 
of  1 3  year  half -life '.with  emission  of  a  0.7  Mev  beta  radiation  (the 
excitation  oross-seotion  for  this  form  is  3,360  barns),  the  other  of 
9.2  hour  half— life  with  emission  of  a  1 .8  Mev  eloctron  (oross-seotion  for 
this  form  670  barns).  Eu1s4  has  a  16  year  half— life  and  an  exoitation 
cross  seotion  of  1  25  barns.  It  may  be  oonoluded  that. the  bulk  of  the 
aotivity  associated  with  the  beads  resulted  from  13  year  Eu1S2, 
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The  following  results  wore  obtained. 


TABLE  9. 


Bead  radius 

P 

°/o  R.H. 

Class  to  glass 

Adhesion  (dynes) 

320 

18 

4.55 

450 

18 

3.17 

519 

18 

2.89 

387 

47 

2.95 

284 

48 

4.33 

320 

48 

3.98 

392 

48 

2.82 

450 

48 

2.30 

392 

51 

1 .18 

392 

53 

0.83 

392 

54 

0.83 

346 

56  ' 

0.87 

284 

58 

1.36 

387 

6l 

0.79 

450 

61 

0.45 

500 

6l 

0.40 

450 

'saturated 

20,  0  This  was  the  highest 
value  in  a  series. 

The  results  are  shown  grophioally  in  Pig.  10,  and  expressed  as  an 
equation 


in  which  Z  is  the  adhesion  foroe  in  dynes,  k  is  the  force  when  the  charge 
producing  the  adhesion  is  concentrated  at  the  point  of  oontaot,  and  depends 
on  the  dieleotrio  properties  of  the  bead  (V  i-  shown  on  J-t’"  graph  who 
adhesion  foroe  for  a  sphere  of  aero  radius),  a  a  parameter  concerned  with 
charge  loss,  and  R  the  sphere  radius. 

Values  of  s  obtained  by  substitution  in  the  above  expression  at 
different  humidities  were  plotted  against  °/o  2.H.  to  yield  a  ourve  sensibly 
flat  at  low  humidities  but  rising  steeply  at  about  50°/o  R.H.  The  minimum 
reading  appeared  to  be  oonoerned  with  loss  of  oharge  in  dry  air.  The  ourve 
beyond  50®/ o  R.H.  was  similar  to  those  prepared  by  Curtis  (7)  from 
measurements  of  D.  C.  leakages  over  Pyrex  surfaoes  at  various  humidities, 
so  that  oharge  loss  resulted  from  inoreased  conductance  over  the  surfaoes 
in  oontaot. 
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It  would  seen  that  when  adhesion  results  essentially  from  ele otrostatio 
oharga  built  if  on  a  dieleotrio  surfaoe  as  a  oonaequenoe  of  the  deoay  of 
incorporated  radioaotive  matter,  the  sorption  of  water  vapour  on  the 
oontaoting  surfaces  oauses  weaker  adhesion.  At  a  certain  humidity,  however, 
this  loss  is  oancelled  by  increasing  adhesion  resulting  from  surfaoe  tension, 
so  that  a  further  rise  in  humidity  produces  marked  adhesion  onoe  again. 

An  equivalent  oirouit  may  be  used,  to  represent  the  charging  conditions 
in  dry  air,  Aotive  material  is  represented  as  a  generator  A  producing  & 
current  i,  and  the  spherioal  partiole  by  a  oapaoitor  C,  R  is  the  total 
resistance  resulting  from  the  particle  and  air  resistances. 


The  voltage  developed  will  be  v  =  Ri  (l  -  e  ^^0, 
t  being  measured  from  the  time  at  whioh  charging  commenced. 

Attempts  to  evolve  a  more  logical  quantitative  explanation  of  the 
adhesion  effect  due  to  incorporated  radioactivity  were  unsuccessful  because 
of  the  difficulty  in  establishing  any  oharge-activity  relation.  Experimen¬ 
tally,  a  surface  potential  measurement  procedure  was  examined  first,  and 
when  this  failed  to  yield  any  conclusive  information,  it  was  replaced  by  an 
attempt  to  measure  charge  on  a  bead,  using  a  modification  of  Millikan' s 
method.  This  involved  suspending  the  bead  between  charged  plates  and  com¬ 
paring  the  deflection  with  that  shown  by  a  similar  inactive  speoimen. 

Both  methods  failed  because  of  the  difficulty  of  eliminating  charges,  of 
much  tho  same  intensity  as  the  radioactive  charge,  whioh  were  produood  in 
other  ways.  Unfortunately,  any  ideas  of  increasing  tho  wanted  effect  by 
increasing  the  activity  arc  likely  to  be  offset  by  difficulties  in  handling 
the  bead, 

CONCLUSION 


The  investigation  shows  that  a  significant  increase  in  adhesion  may 
occur  in  radioaotive  spherical  dielectrio  particles,  as  compared  with 
similar  inactive  partioles,  in  low  relative  humidity  conditions.  At  higher 
humidities,  where  adhesion  results  from  surface  tension  forces,  no  difference 
can  be  deteoted  between  aotive  and  inactive  particles, 
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APPENDS  TO  P.T.P.  (2.)  35 
The  liquid  film  between  a  bead  and  plate 

'  To  evaluate  the  adhesion  foroe  oaused  by  the  film  it  is  necessary  to 
determine  the  prinoipal  radii  of  ourvature  at  all  points  on  the  liquid 
surfaoe.  By  definition,  the  centres 
of  ourvature  for  a  given  point  on  a 
surfaoe  must  lie  norfial  at  that 
point.  Also  by  definition,  the 
prinoipal  curvatures  lie  in  planes 
such  that  the  curvatures  are 
maximum  and  minimum. 

Because  of  the  symmetry  about 
AB  in  the  diagram  (Pig.  6a)  one 
prinoipal  centre  of  ourvature  (that 
in  a  plane  perpendicular  to  the 
paper)  must  lie  on  AB.  The  other 
(that  in  the  piano  of  the  paper) 
must  of  oourse  lie  somewhere  in 
the  plane  of  the  paper. 


The  effect  of  hydrostatic  pressuro  plft.  £  $ 

The  pressure  at  P  is  related  to 
the  pressuro  at  Q  by  the  relation; 

PD  =  P  -  gpx  where  g  =  acceleration  (gravity) 

*  q  p  =  density  liquid 

Using  this  equation,  tho  foroe  towards  the  centre  of  the  sphere  exerted  by 
the  pressure  in  the  film  is: 


■  x  I  a 

cos  a)  j  aiR'  sin  ada,  where  a  is  the  oontaot  angle. 


Q 

J  [pq  -  gpR  (1  - 
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The  vertioal  force' on  the  sphere  is: 

Pq  “  gpR  (l  “  oosa)  J  2IIR2  sin<*  oos  ada 

i.e,  P^nR8  sina9  +  IlR3gp  (-j  -  oos33)  -  sin28 

Atmospherio  pressure  P  aoting  on  the  sphere  gives  an  opposing  force  of 

IIR2P  sin8  6. 

i 

The  net  foroo  on  the  sphere  duo  to  pressure  is  therefore 

(P^  -  p^)  IlRa  sin8©  -  nR3gp^|  (l  -  oos39)  -  sin2© 

As  will  be  shown  later,  (P^-  pq)  is  never  smaller  than  0.35  y/R  i.e.  for 

y  =  70  dyne/cm,  (P  -  p  )  >  Q  dyne/om8 .  Thus,  when  R  is  of  the  order 
1  q  « 

100  n  radius,  the  second  term  of  tho  above  expression  for  the  force  is 

negligible  compared  to  the  first  term  (<<  1  °/o). 

Therefore  tho  effeot  of  hydrostatic  pressure  oan  bo  neglected  in  all 
pressure  and  foroe  calculations  when  R  is  of  tho  order  100  /j  or  smaller. 

Since  the  hydrostatio  pressure  is  negligible,  the  pressure  inside  the 
film  is  constant  at  all  points,  and  tho  pressure  difference  AP  across  tho 
surfaoe  is  also  oonstani, 

i.e,  y  -  +  1  I  =  AP,  where 
L  1  a  J 

**  and  r^  are  the  principal  radii  of  ourvature  for  a  point  on  the  liquid 
surfaoe. 
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Determination  of  thecrasBura  difference  across  the  liquid  surface 

(a)  Zero  oontaot  angles 

In  Pig.  6b,  the  curve  HXJ 
representing  the  surfaoe  of  the  liquid 
film  is  defined  by  the  equation 


i  +  1 

r  r 
i  a 


oonstant 


where  r.  and  r  are  the  principal 
radii  of  ourvature  for  any  point 
P  on  the  surfaoe.  The  sign 
convention  adopted  is  that  the 
radius  of  ourvature  is  positive 
if  it  does  not  pass  through  the  . 
liquid  of  the  film. 


Thus 


1 

PL 


-1  = 

FK 


oonstant. 


of 


FIG 


b 


Whon  P  is  at  H,  the  point 
oontaot  of  the  liquid  with  the 
sphere,  then  r.  =  R.  As  P  moves 
towards  I,  r2  decreases  and  is  a 
minimum  when  P  equals  I.  I  is 
where  the  tangent  to  the  curve 
is  parallel  with  OK.  r.  also  is 
at  a  minimum  at  this  point.  As 
P  moves  from  I  to  J,  r,  and  r„ 
increase  again  and  at  J  r  a 
and  r,  =  constant.  Thus  the  curve 
HIJ  is  by  no  means  oiroular.  The 
ourvature  constantly  ohanges  as 

does  the  oentre  of  ourvature  .  Mathematically,  it  proved  too  complicated  to 


i 

0 C 


solve  analytically  the  differential  equation  i  -  i  = 

ri  * 

in  terms  of  R  and  9,  theroforo  a  graphioal  method  was  usod. 


const  to  give  r.  and  r 


For  simplicity,  the  angles  of  oontaot  were  assumed  to  be  zero.  With  a 
given  R  and.  5,  a  likely  value  of  r^  was  chosen  for  point  II  and  tl>s  uuuslont 
in  tho  equation  evaluated  using  it  =»  (ra)y,  (i.e.  r,  »  K  at  point  H). 

Starting  from  H,  the  ourve  HIJ  was  constructed  in  small  steps:  at  eaoh 
step  ra  being  measured  and  r1  oaloulated  together  with  the  new  oentre  of 

ourvature.  When  point  J  was  reached,  inspection  showed  whether  tho  initial 
assumed  value  of  r1  at  H  was  too  large  or  too  small  for  the  curve  Just  to 

touoh  the  line  ST  representing  the  plate  surfaoe.  Thus  by  suooessive 
approximation  the  oorreot  value  of  (rt was  obtained.  A P  then  followed  from 
the  equation: 
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|  (r()g  is  the  value  of  p1  at  H. 

i  , 

S  The  process  was  repeated  for  various  values  of  9  and  it  was  found 

that  (r, )jj  olosely  approximated  to  the  radius  of  the  osoulatory  oirole 

?  whioh  touohes  the  sphere  at  H  and  the  plate  at  J, 

*  _  /  \  ■  R  (l  -  oos0i 

i.e.  (r^n  =  —i - “■ 

(1  +  cos  B) 

For  the  range  0  <  9  <  65°  the  difference  between  this  radius  and 

was  always  less  than  about  6°/o  of  ( •  For  9  <  5°  no  difference  oould 

be  deteoted. 

The  error  curve  is  shown  os  Fig,  n. 

The  conolusion  is  that  the  following  gives  dP  to  within  6°/o  error  in 
the  range  shown: 

°<°<«° 

(b)  finite  oontaot  angles 

This  approaoh  oan  presumably  be  extended  to  the  onso  whore  the  angles 
of  contact  a  or  f3  are  finite,  by  using  the  radius  of  the  circle  which  outs 
the  sphere  and  the  plate  at  the  appropriate  angles. 
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In  Pig.  60  the  radius  of  olrole  «  gy 


«  (assumed) 

.i»n  ».{  [  oo,e ,t ] 

No  measurement  has  been  made  of  the  aoouraoy  of  the  approximation  in  this 
case,  but  comparison  lndioates  that  the  larger  a  and  /9,  the  smaller  the 
range  of  0  for  whioh  the  approximation  is  reasonably  accurate. 

Force  on  bead  in  oontaot  with  the  plate 

Zero  contact  angle  assumed  for  simplicity.  Force  on  bead  duo  to  the 
liquid  film: 

Z  ■  2im  y  sin2  0  +  na8hP  sin2  0 

— •  *  -  ¥{^rs) 


Z  =  2im  y  (l  +  cos  0) 


As  0  ■*  o,  Z  +  WIRy 

This  is  accurate  because  the  error  in  the  approximation  for  (r^)g 
is  zero  for  very  small  0, 

As  @  Z  -  ■  2®  y 

Duo  to  tho  approximation  for  (r  )g  this  is  some  l5°/o  low.  The  correct 
value  for  Z  is  2.35  HRy  (from  the  graphical  solution). 

Foroe  to  remove  bead  from  plate 

If,  as  tho  bead  is  lifted  from  tho  plate,  tho  force  on  it  increases 
before  finally  dooreasing,  then  the  foroe  to  remove  the  bead  will  not  equal 
the  force  on  the  bead  when  in  contact  with  the  plate.  If,  on  tho  other  hand 
the  foroe  doorcases  as  the  bead  is  lifted,  then  the  foroe  required  to  remove 
the  bead  will  equal  the  foroe  when  in  contact  with  the  plate. 

To  deoide  between  the  two,  ne cessitates  the  calculation  of  the  volume 
of  tho  liquid  film  and  (r  )g  and  0  for  various  distances  of  separation  between 

the  bead  and  plate.  The  general  oaloulation  is  very  complicated  and  has  not 
been  carried  out. 
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A  simple  approximation  has  -been  used  which  is  acourate  for  small  8 
and  small  h  taking  the  liquid  as  a  oylinder  as  shown. 


pin. 

In  Pig,  6d  the  volume  of  liquid,  V,  is  given  by 


V  s  im3sin28  £-r  +  1-oose  -  ^y-(l-oose)*(2-oose) 


Radius  of  o3oulatory  oirolo  rs 

r  g  +  (l-oos0) 

R  °  (l+cos8) 

V 

V  remains  constant.  IIR?  is  detorminod  for  a  given  value  of  0. 

t* 

h  =  0.  —  is  also  determined, 

h  i* 

Then  9  is  reducod  slightly  and  g  calculated.  Using  this  value  —  is  re¬ 
calculated. 

Tvnloal  example 

Q  ■  5°  h  =  °«  rfs  55  2,75  x  10~B,  |  ■  1 .90  x  10~3 

9  =  4.5°  g  c  1.82  x  lo"3  yjgy  as  before  jj*  a  2.46  x  10  3 
This  shows  that  as  h  increases,  9  decreases  and  r  increases 


As  AP  = 


v  f«—  - 1 
R  IE - 


R 


+  1  -  COS0 


3. 


AP  must  decrease  as  h  inoreases, 
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therefore  Z  must  decrease  as  h  increases* 

The  indication  is  that  the  foroe  on  the  head  is  at  a  maximum  when  the 
head  is  in  oontaot  with  the  plate. 

Henoe,  tentatively,  the  foroe  to  remove  the  bead  from  the  plate  i? 

Z  o  2riRy  (l  +  oos9)- 
TABLE  1 .  - 

Generalised  values  of  AP  ■ 


9° 

AP  using  radius 
of  osoulatory 
oirole 

AP  using  result 
obtained 
graphically 

°/i o  Error  in  using 
osoulatory 
radius  for  AP 

5 

Vn 

ro 

K\ 

CM 

tr\ 

0 

13 

75*  3* 

74.  3  | 

2 

26 

17.  7  | 

16.  e  | 

5 

30 

13.  .0  f 

12.  2| 

6 

45 

4.81  * 

4.55  | 

6 

60 

2.00  | 

• 

VO 

2 

75 

0.71  | 

0.85  J 

H  6 

90 

0,00  * 

0,35  | 

—  cc 
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TABLE  2, 


Generalised  values  of  2 


_  using  radius  of 
-y  osoulatory  oirole 

z  using  result 

^  obtained  graphically 

12.57 

12.57 

12.55 

12.55 

12.40 

12.13 

11.92 

11 .34 

11 .73 

11.17 

10.72 

10.30 

9. 43 

9.36 

7.91 

8.35 

6.28 

7.38 

Film  in  Equilibrium  with  air  at  fixed  vapour  pressure 


Henoo  In  £  .  -  M.  [jgg«  ,  ■] 

P0  RpRT  -  oos9j 

Thus  for  a  given  value  of  the  relative  humidity  of  the  air,  thero  is  one 
value  of  0  for  which  the  film  is  in  equilibrium. 
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SUMMARY 

1»  Hydrostatio  pressure  may  be  neglected  with  small  beads. 
2.  The  pressure  inside  the  film  is  oonstant  at  all  points. 


3. 

4. 

5. 


AP  =  y 


<K) 


constant 


AP  =  &  foosel  0  <  ®  < 
R  M-cos9>  error  < 

zero  contact  angles 


65°/o 

6°/° 


Correct  values  of  AP,  0  <  8  <  90  are  shown  in  a  table. 
For  finite  contact  angles  a  or  /9s 


AP 


~  X  oos9  +  oos/9  +  003(9  +  a)  -1  j 
-  £  L  i  -  cos0  J 


6.  Force  on  bend  due  to  film 

Z  =  2  II  1  y  (l  +  cosS). 

7.  Xt  may  be  tentatively  assumed  that  this  is  the  foroe  required  to 
remove  the  bead. 

8.  The  equilibrium  value  of  0  for  air  of  fixed  vapour  pressure  is  given  by: 


l»(i  ) 

*0 


-2yM 
pR  RT 


zero  contact  angles 
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DIMENSIONS  OF  FIBRES  USED. 

(a)  PROMT  TORSION  FIBRE.  , 

(b)  REAR.  TORSION  FIBRE, 

(c)  CROSS  HORIZONTAL-  M6M6Ef\ . 

(df)  MAIN  HORIZONTAL  MEM&ER, 

(e)  MAIN  VERTICAL.  MEM&EH . 

(f )  SIDE  VERTICAL,  MEMBERS . 

(S)  HORIZONTAL  BRACE  FIBRE  . 

(k)  BRACE  FIBRES. 

(t)  QUARTZ  SOW 

(J)  SUSPENSION  PISR.ES  (CELLULOSE. 

ACETATE.) 

(U)  ST  I  RRUPS, 

(t)  QUARTZ  STEMS. 
fr)  CAPILLAQV  NIPPLES. 

FIG.  ! 
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IP&994 
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VARIATION  OF  SURFACE  TENSIONAL  FORCE  (l)  WITH 
FIG.9  CHANGE  IN  HUMIDITY. 
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